Abstract Stem cells are the only proliferating cells in flatworms and can be eliminated by irradiation with no damage to differentiated cells. We investigated the effect of fractionated irradiation schemes on Macrostomum lignano, namely, on survival, gene expression, morphology and regeneration. Proliferating cells were almost undetectable during the first week post-treatment. Cell proliferation and gene expression were restored within 1 month in a dosedependent manner following exposure to up to 150 Gy irradiation. During recovery, stem cells did not cross the midline but were restricted within lateral compartments. An accumulated dose of 210 Gy resulted in a lethal phenotype. Our findings demonstrate that M. lignano represents a suitable model system for elucidating the effect of irradiation on the stem cell system in flatworms and for improving our understanding of the recovery potential of severely damaged stem-cell systems.
Introduction
Stem cells are defined as undifferentiated cells that possess the unique capacity to produce offspring that differentiate into various cell types while retaining their potential for self-renewal (Morrison and Spradling 2008) . The number of stem cells and their proliferation activity and decision to differentiate must be tightly controlled during development and homeostasis to avoid tumour formation or premature ageing. However, stem cells in higher organisms are difficult to study in vivo and are not always accessible for experimental analysis. Since the simulation of the natural stem cell environment is complex in vitro, the use of model organisms in which fundamental aspects of stem cell biology can be addressed in vivo has become highly attractive (Bosch 2008; Tanaka 2003; Tsai et al. 2002; Newmark and Sanchez 2002; Weissman 2000) .
With the introduction of functional genomics, flatworms have been proposed as model organisms for elucidating the underlying molecular basis of stem cell biology (Sanchez 2004) . Members of the phylum Platyhelminthes are well known for their high regeneration capacity based upon totipotent stem cells (Rossi et al. 2008; Handberg-Thorsager et al. 2008; Egger et al. 2007; Sanchez 2004; Reddien and Sanchez 2004; Agata 2003; Newmark and Sanchez 2002) . Wolff and Dubois (1948) originally demonstrated that neoblasts could be specifically eliminated by γ-ray irradiation (in the flatworm literature, this type of irradiation is often defined as "hard X-rays"), without severely affecting differentiated cells. Since this discovery, radiation exposure has become a method widely used in flatworm stem cell research for testing and confirming various hypotheses. First, the assumed crucial function of neoblasts during postembryonic development, homeostasis, cell renewal and regeneration has been clearly demonstrated; none of these biological processes is maintained following the elimination of the stem cell system by irradiation (Salvetti et al. 2009; Rossi et al. 2007; Baguna et al. 1989; Brondsted 1969) , whereas differentiated cells are unable to perform these functions. Second, the differentiation potential of purified donor neoblasts can be conveniently analysed; lethally irradiated worms can be rescued after the injection of highly enriched stem cell populations, whereas the injection of differentiated cells does not increase the survival rate Baguna et al. 1989) . Third, gene expression profiling of irradiated flatworms has confirmed stem-cell-specific gene expression in triclads (so called planarians; Eisenhoffer et al. 2008; Rossi et al. 2006; Guo et al. 2006; Orii et al. 2005; Salvetti et al. 2005; Reddien et al. 2005; Cebria et al. 2002) . Lastly, in order to identify novel candidate stem cell genes, subtraction libraries have been generated from irradiated versus non-irradiated worms and shown an enrichment of stem-cell-specific genes in the library (Eisenhoffer et al. 2008; Rossi et al. 2007 ).
The radiation sensitivity of flatworms largely depends on the species (Lange 1968) . For Dugesia ryukyuensis, doses of 4.4-8.8 Gray (Gy) have been determined to be the lethal dose range . For Dugesia japonica, on the other hand, a total dose of 30 Gy has proved to be necessary to obtain lethality (Salvetti et al. 2002 (Salvetti et al. , 2005 (Salvetti et al. , 2009 Rossi et al. 2006; Orii et al. 1999) . In contrast, a univocal standard radiation exposure is not described for Schmidtea mediterranea and doses ranging from 40-100 Gray have been used (Palakodeti et al. 2008; Eisenhoffer et al. 2008; Guo et al. 2006; Reddien et al. 2005) . Our research focuses on the stem cell system of the flatworm Macrostomum lignano (Ladurner et al. 2005 . Recent work on this species has demonstrated the advantage of M. lignano for studying stem cell biology and regeneration (Ladurner et al. 2000 Pfister et al. 2008; Nimeth et al. 2007; Pfister et al. 2007; Egger et al. 2006; De Mulder et al. 2009 ). The detailed morphological knowledge and transparency of M. lignano provides the opportunity to analyse the effects of various stress conditions at a morphological level. Furthermore, proliferation activity and gene function can be readily studied during biological processes by soaking the animal in diverse solutions (Pfister et al. 2007 Nimeth et al. 2002 Nimeth et al. , 2004 Nimeth et al. , 2007 De Mulder et al. 2009 ). In addition, the ease of culturing and the unlimited access to eggs throughout the whole year make M. lignano a convenient experimental model. The availability of protocols for in situ hybridization and RNA interference (Pfister et al. 2007 De Mulder et al. 2009 ) and current work on genome sequencing (E. Berezikov et al., personal communicaton) should further foster genomic and transcriptomic approaches with M. lignano.
In an earlier report, we have described the exceptional capacity of M. lignano to recover from single radiation doses of up to 200 Gy (Pfister et al. 2007) . As a continuation thereof, single doses of γ−ray irradiation in this study have been modified to fractionated exposures in order to define a lethal endpoint. Several protocols with variations in dose, punctuation and time schedule have been applied and compared concerning their effect on (1) survival, (2) proliferation activity, (3) stem cell and housekeeping gene expression, (4) morphology, (5) regeneration capacity, (6) development and (7) reproduction. In addition, the manner of stem cell repopulation after irradiation in M. lignano is discussed.
Materials and methods

Animal culture
Macrostomum lignano (Platyhelminthes, Macrostomida; Ladurner et al. 2005) were cultured in Petri dishes filled with nutrient-enriched artificial seawater (f/2). During the whole experiment, staged animals (4-6 weeks) were fed ad libitum on the diatom Nitzschia curvilineata (Andersen et al. 2005; Rieger et al. 1988 ).
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed according to a protocol described earlier (Pfister et al. 2007 ). Sense and antisense digoxigenin (DIG)-labelled RNA probes were obtained with a DIG RNA-labelling kit (Roche) following the manufacturer's protocol. DNA templates used for RNA probe synthesis were Angu 7606 for macpiwi (GenBank accession no. AM942740), clone Ml_aW_011_J16 for macactin (GenBank accession no. FN263188) and Angu 4194 for macboule (http:// flatworm.uibk.ac.at/macest/blast.php). Detailed information of the macboule sequence will be published separately. Riboprobes were used at a final concentration of 0.025 ng/µl for macpiwi and macboule and 0.05 ng/µl for macactin.
BrdU and anti-phospho-histone H3 double-labelling To label neoblasts in S-phase at 1 h, 1 day, 1 week, 2 weeks and 3 weeks post-irradiation, animals were soaked for 30 min in culture medium containing 5 mM bromodeoxyuridine (BrdU; Sigma). Depending on the experiment, specimens were rinsed several times in artificial seawater and fixed directly ("pulse experiment") or 72 h later ("pulse-chase experiment"), the latter being a time period in which cells were able to divide, migrate and differentiate. After fixation, BrdU/H3 staining was performed as described elsewhere (Ladurner et al. 2000) except for protease XIV treatment, which was performed at a final concentration of 0.1 mg/ml for 20 min at 37°C.
Irradiation by γ−rays
For all experiments, worms were exposed to γ-rays of 6 MV at 400 cGy/min. Radiation treatment was performed with an ELEKTA Synergy Linear Accelerator (serial number: 131431, ELEKTA Oncology Systems) at the Department of Therapeutic Radiology and Oncology, Innsbruck Medical University. Dose calibration of the specific linear accelerator and the dosimetric procedure was checked in an external dosimetric audit (EQUAL-ESTRO) and indicated that the main dosimetric parameters employed in the radiotherapeutic treatments were situated within the optimal range at the time of audit. This dosimetric evaluation was valid during the experiment.
For the radiation treatment of worms an experimental setup was chosen that guaranteed broadly homogeneous dose delivery. Thirty-two tubes with worms in 3 ml culture medium were placed in four round Perspex "phantoms" (see Electronic Supplementary Material, Fig. S7 ) located on the patient treatment couch. The amount of phantom material above, below and surrounding the tubes was chosen to ensure sufficient scattering conditions and to position the worms optimally for the maximum dose of the specific γ-ray energy of 6 MV. A source-surface distance (SSD) of 100 cm was chosen to ensure a field "s" for irradiation. With this setup, worms were irradiated with single energy doses of 15 Gy or 30 Gy up to a total dose of 210 Gy. Control worms were handled in the same way as treated worms, except that the irradiation step was omitted. An overview of the irradiation protocols used is shown in Table 1 .
The first batch of animals (n=500), further described as Protocol 1 (P1), was irradiated following a fractionated time schedule spread over 2 days, with a final γ−ray dose ranging from 30 to 90 Gy: day 1 with 30 Gy at 8.00 (protocol P1a) plus 15 Gy at 12.00 (protocol P1b) plus 15 Gy at 16.00 (protocol P1c) and the following day 2 with an additional 15 Gy at 8.00 (protocol P1d) plus 15 Gy at 16.00 (protocol P1e). A second batch of worms (n=500), further described as Protocol 2 (P2), was exposed to 30 Gy on days 1, 2, 3, 5 and 8. These doses accumulated to 30 Gy (protocol P2a), 60 Gy (protocol P2b), 90 Gy (protocol P2c), 120 Gy (protocol P2d) and 150 Gy (protocol P2e).
A third batch of worms (n=500), further described as Protocol 3 (P3), was irradiated with the following punctuated time schedule to a final dose of 105-210 Gy: day 1 with 30 Gy at 8.00, 15 Gy at 12.00 and 15 Gy at 16.00 and day 2 with 30 Gy at 8.00 and 15 Gy at 16.00. These doses accumulated to 105 Gy (protocol P3a). This irradiation schedule was repeated 1 week later: day 8 with 30 Gy at 8.00, 15 Gy at 12.00 and 15 Gy at 16.00 and day 9 with 30 Gy at 8.00 and 15 Gy at 16.00. These doses accumulated to a total of 210 Gy (protocol P3b). Since this radiation protocol was found to result in 100% lethality, five replicas were performed (n=5×50) for analysis of the survival curve.
For each batch of animals, 20 individuals were BrdU-pulsed and fixed at 1 h, 1 day, 1 week, 2 weeks and 3 weeks postirradiation (i.e. after the last radiation exposure). Specimens were examined for gene expression (piwi, boule, actin) and Sphase (BrdU)/mitosis (phospho-H3) distribution.
Influence of γ-rays on postembryonic development and regeneration Regeneration capacity and postembryonic development were analysed for worms irradiated with 60 Gy or 210 Gy. Worms were cut 1 day after the last radiation dose at the level of the female gonopore and allowed to regenerate. Every second day, one batch of worms was observed for blastema formation.
For analysis of the effect of radiation on postembryonic development, freshly hatched worms (≤1 h old) were collected just before irradiation. The fractionated irradiation scheme applied for hatchlings was identical to that used for adults (protocols P1c, P3b).
Results
Data concerning the effect of irradiation on animal survival for all fractionated irradiation protocols are conjointly presented. All other investigated parameters are separately described.
Effect of γ-ray irradiation on survival rate
In a first experimental setup (protocols P1a-P1e, see Table 1 ), fractionated irradiation at total doses of up to 90 Gy were applied within 2 days. All animals remained alive until 10 days after the last administered dose of γ-ray exposure. Subsequently, dose-dependent mortality was apparent (Fig. 1a) . Between 16 and 20 days, the decline in the surviving fraction of treated animals decelerated and, finally, almost completely stopped by the end of the observation period at day 50 (Fig. 1a) . In the second experimental setup (protocols P2a-P2e), total doses of up to 150 Gy were fractionated and administered within an 8-day period (Fig. 1b) . As previously observed, during an initial period of 9 days, all animals survived. This period was followed by a phase of gradual dose-dependent mortality during the subsequent 2 weeks, until day 26 when survival rates of treated animals once again began to stabilize (Fig. 1b) . Following an interim period of 12 days showing an unaltered survival fraction, all animals died by day 50. We further applied a 9-day fractionated radiation protocol with doses accumulating to up to 210 Gy ( Fig. 1c ; protocols P3a-P3b). Again, little mortality was observed during the first 11 days after the last exposure. For the 105 Gy protocol, about 10% of the animals survived for 1 month without any further loss. The 210 Gy protocol, however, was lethal for all animals (five replicas: n=5×50 animals; Fig. 1c ).
Effect of irradiation on cell proliferation and gene expression in adult animals
First, we analysed animals irradiated with 30, 45, 60, 75 and 90 Gy in a fractionated time schedule over 2 days (for protocols P1a-P1e, see Table 1 ). At 1 h after the final exposure to radiation, BrdU incorporation was mainly restricted to the gonads (see Electronic Supplementary Material, Fig. S1A 1-6 ). Likewise, macpiwi expression (Fig. S1B 1-6 ) dropped below the detection level in somatic stem cells. Gonadal stem cells were more resistant to γ−ray exposure. A dose-dependent decrease in macpiwi expression was apparent in the testes. Following 75 and 90 Gy, macpiwi expression became restricted to the anterior tip of the testes. In the ovaries, expression persisted at a comparatively high level. Similarly, the expression of the meiosis-specific marker macboule declined with increasing doses of irradiation ( Fig. S1C 1-6 ). In contrast, transcript levels of macactin mRNA remained almost unaltered (Fig. S1D 1-6 ). By 1 day post-treatment, a similar pattern was apparent with regard to recorded cell proliferation activity (see Electronic Supplementary Material, Fig. S2A 1-6 ), macpiwi expression ( Fig. S2B 1-6 ), macboule expression ( Fig. S2C 1-6 ) and the detected macactin mRNA levels ( Fig. S2D 1-6 ).
At 1 week post-irradiation (see Electronic Supplementary Material, Fig. S3 ) and more evidently at 2 weeks thereafter (see Electronic Supplementary Material, Fig. S4 ), cell proliferation and gene expression showed typical signs of recovery. By 3 weeks after initial radiation exposure, cell proliferation ( Fig. 2a 1-6 ), macpiwi expression (Fig. 2b 1-6 ), macboule expression (Fig. 2c 1-6 ) and macactin mRNA Fig. 1 Effect of various fractionated γ-ray exposures on the survival rate of Macrostomum lignano. Survival curves following fractionated radiation setup protocols P1 (a), P2 (b) and P3 (c). For details of the protocols, see Table 1 . The time schedule for γ-ray exposure is shown above each curve. Univocal lethality of protocol P3b was confirmed by T-testing P (99%). Error bars Standard deviation expression ( Fig. 2d 1-6 ) were almost fully restored. However, because of a prolonged time period in which tissue homeostasis was delayed, irradiated animals were smaller in size than were control animals.
Second, an accumulating total dose of 120 or 150 Gy (protocols P2d-P2e) caused a significant reduction in cell proliferation activity until 1 week post-treatment (Fig. 3a 1-4 , S5A 1-4 ) and a decrease in macpiwi, macboule and macactin expression (Fig. 3b 1-4 , c 1-4 , d [1] [2] [3] [4] D 6 ). Again, a dose-dependent difference in recovery was observed. Specimens that were radiated with a dose of 150 Gy recovered more slowly than did worms radiated with an accumulated dose of 120 Gy.
Third, we performed a fractionated radiation protocol with a total dose of 210 Gy (protocols P3a-P3b). This time, Fig. 2 Cell proliferation (BrdU), macpiwi (PIWI), macboule (BOULE) and macactin (ACTIN) expression dynamics at 3 weeks following irradiation with doses of 30-90 Gy (protocol P1). Anterior is to the top (e eyes). a 1-6 Somatic stem cell proliferation recovered at all radiation doses. b 1-6 Macpiwi expression was completely restored in the gonads (t testes, o ovaries, de developing eggs) and in the somatic stem cell population (arrowheads; b 1-5 ), except at the highest radiation dose (b 6 ). c 1-6 Macboule expression was reconstituted at all radiation doses. d 1-6 Expression of the housekeeping gene macactin was identical to that in control animals. Note the smaller body size of animals irradiated with higher doses (a 6 , b 6 , c 6 , d 6 ). Bar 100µm (all worms) few BrdU incorporation was detected for up to 23 days after the first dose administration (Fig. 4a 1-5 ). In addition, macpiwi (Fig. 4b 1-5 ) and macboule expression (Fig. 4c 1-5 ) remained completely abrogated. Macactin expression gradually reduced over time, because of a loss of tissue homeostasis (Fig. 4d 1-5 ). This irradiation protocol resulted in a complete lack of homeostasis and finally caused tissue disintegration and the subsequent death of all animals (n=5×50; Fig. 1c ). Fig. 3 Cell proliferation, macpiwi, macboule and macactin expression dynamics, following fractionated irradiation for up to 3 weeks (150 Gy, protocol P2e). Anterior is to the top (t testes, de developing eggs, o ovaries, arrowheads somatic stem cells, e eyes). a 1-6 Cell proliferation was drastically decreased for up to 1 week post-irradiation (a 1-4 ) but gradually recovered by up to 3 weeks post-irradiation (a 5 , a 6 ). b 1-6 Macpiwi expression was initially completely abolished (b 1-3 ), then slightly recovered (arrowheads in b 4 , b 5 ) and was reconstituted after 3 weeks (b 6 ). c 1-6 Macboule expression was not detectable until the first week post-irradiation (c1-4), then recovered within the next 2 weeks (c 5 , c 6 ). The animal in c 6 was rotated under the cover slip and hence the position of the gonads appears to be central. Effects of radiation on morphology Worms that were irradiated with sublethal doses initially showed early morphological defects, confirming the downregulation of tissue turnover. However, as the stem cell system gradually repopulated, animals resumed tissue homeostasis and recovered within 6 weeks (data not shown). In contrast, fractionated irradiation with a total of 210 Gy (protocol P3b) prompted irreversible elimination of the stem cell system and, therefore, cell turnover and tissue homeostasis was not preserved. Up to 10 days post-irradiation, worms did not show aberrant morphology and looked similar to control animals ( Fig. 5a) , showing that exposed differentiated cells could still execute their function. From the second week on, animals started to exhibit morphological deformation with gradually increasing severity. The observed malformations were strongly reminiscent of phenotypes that became apparent following RNA interference in stem-cell-specific genes in M. lignano (De Mulder et al. 2009; D. Pfister et al., unpublished) and in the triclad Schmidtea mediterranea (Reddien et al. 2005) . Therefore, we have used the corresponding terms and describe them as lesions, lysis, regression, behavioural abnormalities, blisters, bumps and curling. In addition, terminology specific to M. lignano, such as lucid tissue, eye spots modified, testis abnormal, ovary abnormal and seminal vesicle empty, have been introduced. Examples of animal phenotypes monitored after subsequent time points post-irradiation are depicted in Fig. 5 .
Effect of irradiation on regeneration capacity
Exposure of M. lignano to γ−rays caused a drastic effect on the process of regeneration. Control animals formed a regeneration blastema (Fig. 6a-c') , had rebuilt their stylet after five days (Fig. 6d, d' ) and completely regenerated within 14 days (for details, see Egger et al. 2006) .
Worms irradiated with a sublethal dose of 60 Gy (protocol P2b) showed a significant delay in regeneration. They still lacked a blastema at 2 days of regeneration (Fig. 6e-f' ) but started to form a regeneration blastema after 4 days postamputation (Fig. 6g, g' ). Animals were able to regenerate the missing posterior part completely within 3 weeks (Fig. 6h, h') . Furthermore, these regenerates produced viable offspring at 6 weeks post-amputation, confirming the complete regeneration and recovery of these animals. Regenerates irradiated with a lethal accumulated dose of 210 Gy (protocol P3b) showed no sign of blastema formation (Fig. 6i-l') . Lightmicroscopic investigations demonstrated that γ-ray irradiation did not interfere with wound closure (Fig. 6i, i') , the first event of the regeneration process in which stem cells are not required (Egger et al. 2006 ). However, these animals were unable to proceed further in the process of regeneration (Fig. 6j-l' ). Homeostasis and cell renewal were completely interrupted and animals disintegrated within the next few days.
Effect of irradiation on postembryonic development
Juvenile flatworms are known to possess fewer neoblasts in absolute numbers but exhibit a higher stem cell density and elevated metabolic rates compared with adults (Lange 1968; Hyman 1919) . In M. lignano, earlier experiments with the stem cell marker piwi provided the first evidence that stem cells might be differentially regulated during development and homeostasis (De Mulder et al. 2009 ). To examine whether juvenile stem cells were differentially affected by radiation, we irradiated hatchlings with 60 Gy (P1c) and 210 Gy (P3b) and analysed the effect of γ-ray irradiation on development (Fig. 7) . In all images, anterior is to the top. a Morphology of a control animal (e eyes, de developing egg, t testes, o ovaries). b, c From the second week, animals started to acquire an abnormal morphology. During this time, the gut detached from the surrounding tissue and lesions (LUC) filled with liquid became detectable. b, e Note the abnormal morphology of testes and ovaries (TST, OVAR). c Several worms showed a continuous curling movement (CRL). d, h During week 3, the epidermis became notched (NOT, open arrowheads), and blisters (BLI) accumulated along the lateral sides. Lesions (LES) covered the entire body (black arrowheads). f-h Subsequently, the rostrum regressed (RGRS). Finally, animals showed eye abnormalities (EYE), completely disintegrated and died within 1 month. When animals died, they completely disintegrated within 1 day and tissue remnants could not be observed. Bars 100µm Surprisingly, when hatchlings were exposed to 60 Gy (protocol P1c), proliferation of somatic stem cells was only slightly reduced after 1 h as compared with non-radiated hatchlings (Fig. 7a 1 -b 2 ) . This observation was in strong contrast to the effect of radiation in adult worms, which showed a significant reduction in cell proliferation (compare Fig. 7 with Electronic Supplementary Material, Fig. S1A 4 ) . As early as 1 day post-irradiation, no significant difference in the distribution of proliferating cells could be observed between irradiated and control juveniles (Fig. 7c 1 -d 2 ) . Accordingly, somatic development proceeded without apparent delay (Fig. 7e 1 -h 2 ) . In contrast to somatic tissues, gonad development was significantly slowed in irradiated juveniles (Fig. 7g 1 -h 2 and data not shown). Whereas control juveniles start to lay eggs after 18 days of postembryonic development, irradiated hatchlings were able to produce viable eggs only after 4 weeks of development.
A second batch of hatchlings was exposed to 210 Gy (protocol P3b). Like adults, these hatchlings were unable to recover and finally died within 3 weeks (Fig. 7i-l) .
Recovered somatic stem cells remain within lateral compartments
During the recovery period, we regularly observed that stem cells were not evenly repopulated along the lateral sides of the animals but rather in a spatially and temporally restricted pattern (Fig. 8) . Cell proliferation and gene expression were often found to be restored independently on the left (Fig. 8c, f) or right side (Fig. 8d) of the animals. Moreover, we also observed that stem cell recovery occurred at either the anterior or the posterior region of the animal, at one lateral side only (Fig. 8c-e) or on both sides (Fig. 8a, e) . Gonadal cells exhibited a high radio-tolerance and therefore BrdUlabelled cells were always located in this region at any time post-radiation. As a result, we were unable to distinguish somatic BrdU-labelled stem cells from gonadal BrdU-labelled cells. For this reason, we excluded this area from further considerations on somatic stem cell recovery.
Irradiation with sublethal doses permitted recovery of cell proliferation (Fig. 8 ) and gene expression (see Electronic Supplementary Material, Fig. S6 ) in one compartment ( Fig. 8d, f; see Electronic Supplementary Material, Fig. S6A ') or in a combination of several compartments (Fig. 8b, c, e ; see Electronic Supplementary Material, Fig. S6B'-D' ).
In addition, BrdU pulse-chase experiments further indicated that labelled cells did not migrate to the opposite lateral side of the animal (Fig. 9) . In these experiments, animals were BrdU-pulse-labelled for 30 min at 1 week rebuilt. e-g' In irradiated regenerates exposed to a sublethal dose of 60 Gy, blastema formation was delayed. h, h' Despite this delay, the lost body part was rebuilt within 21 days, when a full stylet and a seminal vesicle were observed. i-l' In regenerates exposed to a lethal dose of 210 Gy, no regeneration blastema could be detected. l, l' By 1 week after being cut, animals gradually started to disintegrate. Bars 100µm (a-l), 40µm (a'-l') post-irradiation. Next, the fate of the cells that incorporated BrdU was monitored after a 3-day chase period. After recovery, BrdU-labelled differentiated cell progeny stayed within the respective compartment. Labelled cells migrated towards the midline and into the region anterior to the eyes (Fig. 9a-d) . Animals with recovered stem cells in all regions exhibited a homogeneous distribution of S-phase progeny for cell renewal (Fig. 9a, a') . In animals in which stem cell recovery was spatially restricted, BrdU labelled progeny was limited to the respective compartment within the animal (Fig. 9b-d') . Notably, in all cases, BrdU-labelled cells did not cross the midline. In animals that lacked somatic stem cell recovery, only BrdU-labelled gonadal stem cells remained in testes and ovaries after the 3-day chase period (Fig. 9e-f' ).
Discussion
Effect of various fractionated irradiation protocols on survival rate
Previous experiments have revealed that stem cells in M. lignano cannot be eliminated by using a single irradiation dose of up to 200 Gy (Pfister et al. 2007 ; M. Mahlknecht and P. Ladurner, unpublished) . The current study demonstrates that, instead, treatment with fractionated radiation exposure is required. Quiescent neoblasts, which are known to be present in M. lignano (Bode et al. 2006) , might be activated upon radiation and have to be eliminated by additional exposures in order irreversibly to knock down the complete stem cell system. This situation is in contrast Fig. 7 Radiation of hatchlings with 60 Gy (a 1 -h 2 ) or 210 Gy (i-l). Note the recovery of the proliferating somatic stem cell population at 1 h (a 1 -b 2 ), 1 day (c 1 -d 2 ), 7 days, (e 1 -f 2 ) and 14 days (g 1 -h 2 ) postirradiation (green BrdU labelling for S-phase cells, red anti-Phos-H3 staining for mitoses). At 14 days, control animals possessed testes (t in g 1 , g 2 ), whereas irradiated worms had not yet developed gonads, although they had normal body length (h 1 , h 2 ). i-l Morphological effect of lethal 210 Gy radiation on hatchlings; 18-day-old control animals (i, j)developed testes (t), ovaries (o), stylet (st) and a seminal vesicle filled with sperm (sv), whereas irradiated hatchlings (k, l) showed tissue disorganization. Note the absence of developing testes and ovaries. l Detail of the tail plate lacking a seminal vesicle or stylet. Bars 100µm (a 1 -h 2 , i, k), 40µm (j, l) to that of triclads, in which quiescent neoblasts apparently do not persist (Newmark and Sanchez 2000) and single γ-ray exposure causes the complete and immediate elimination of the stem cell system. Analysis of the survival curves of various fractionated radiation protocols in M. lignano have revealed a common pattern: (1) survival is inversely proportional to the delivered radiation dose, (2) no matter which irradiation dose is applied, survival is nearly 100% during the first 10 days followed by a sharp drop during the third week post-irradiation, (3) most individuals that survive the first 3 weeks post-irradiation recover completely, as shown by the stabilization of the survival curve, (4) surviving animals regain their normal morphology, behaviour and reproduction within 6 weeks.
A comparable situation has been observed in triclads ) and can be explained by the finding that post-irradiation mortality depends on two factors: (1) the degree of depletion of intact stem cells and (2) the rate of depopulation of essential differentiated cells (cell turnover; Lange 1968). As no visible phenotype is present during the first 10 days postirradiation, somatic tissues are presumably not directly damaged, the death of the animals probably being caused by loss of tissue renewal resulting from the elimination of stem cells. From earlier BrdU pulse chase experiments, we know that the different cell types have different turnover rates (Ladurner et al. 2000) . Whereas one third of the epidermis is renewed within 2 weeks, nerve cells have a significantly slower turnover rate of up to several months (M. Hrouda and X. Verdoodt, personal communication). In addition to in situ hybridization for piwi, actin and boule, we also performed SFRP (secreted frizzled-related protein) in situ hybridization, which labels neuronal cells in M. lignano. SFRP gene expression is unaffected up to 2 weeks after irradiation. This demonstrates a significantly slower turnover rate of these cells compared with that of epidermal cells (data not shown). Taking these results together, we conclude that the morphological phenotype from 10 days onwards and the lethality after 3 weeks is attributable to a lack of the renewal of critical tissues.
Basis of radiation resistance and recovery capacity in M. lignano
The high radiation resistance of M. lignano is probably not an adaptation to daily outdoor radiation. The normal average outdoor dose of absorbed radiation is estimated to be less than 5×10 -3 Gy/year (Grasty and LaMarre 2004) , which is far too low to be considered as the selective force that builds the observed degree of radio-resistance. The biological basis for stem cell recovery in M. lignano upon irradiation might have various reasons, of which the most plausible hypotheses are summarized below.
First, somatic stem cells might be able to re-enter the cell cycle and repopulate the stem cell population. Preliminary experiments with a BrdU pulse directly before irradiation indicate such a possibility (data not shown). Moreover, in triclads, a subpopulation of radio-resistant cells has recently been suggested to re-acquire their proliferation capabilities and to repopulate the triclad body after sublethal γ-ray treatment (Salvetti et al. 2009 ).
Second, since quiescent neoblasts are known to exist in M. lignano (Bode et al. 2006) , these stem cells are probably activated upon irradiation and gradually repopulate the stem cell pool. During the cell cycle, periods of high radiosensitivity (G2 and M phase) alternate with phases of increasing radio-resistance caused by the limited time for repair mechanisms or by the restricted access to repair mechanisms (G1 and late S phase; Pawlik and Keyomarsi 2004) . About 25% of the neoblasts are in S-phase versus only 3% in mitosis (the radio-sensitive period) at each time point in M. lignano (Bode et al. 2006; Ladurner et al. 2000) , which might partly explain our lack of success in eliminating the whole stem-cell system by using a single dose of irradiation. Interestingly, in other flatworms such as triclads, single-dose irradiation is sufficient to eliminate the stem-cell system, all at once, resulting in a lethal phenotype. This significant difference in radiation resistance might be attributable to the absence of quiescent neoblasts in triclads (Newmark and Sanchez 2000) .
Third, in triclads, gonadal stem cells have been shown to cross the germline/somatic stem cell border to participate in the recovery of the somatic stem cell population (Gremigni and Miceli 1980) . In addition, the transdetermination of less radio-sensitive, committed or differentiating cells has recently been suggested to play a role in triclads (Salvetti et al. 2009 ). Although we cannot exclude this hypothesis, hatchlings that do not yet possess gonads are able to recover from comparable radiation doses, indicating that other mechanisms might also exist. Grafting experiments, in which labelled gonadal cells are transplanted into lethally irradiated hosts, might help univocally to refute or confirm this theory. Alternatively, the survival and recovery capacity of irradiated specimens from which the gonads have been completely removed before γ-ray exposure could be examined.
Fourth, stem cells in M. lignano might possess a notable DNA repair mechanism. For some radio-resistant organisms, such as the bacterium Deinococcus radiodurans and the bdelloid rotifer Adineta vaga, radiation resistance is assumed to be an accidental coincidence of an evolutionary process that has permitted these organisms to cope with environmental stress (Gladyshev and Meselson 2008; Mattimore and Battista 1996) . In these organisms, for instance, a coincidence between radiation resistance and desiccation has been proposed, since the same repair and protecting mechanisms are used, e.g. DNA repair and the expression of late embryogenesis abundant protein to protect DNA against desiccation. This hypothesis might also partially explain the difference in radiation recovery between M. lignano and triclads. M. lignano can cope with extremely harsh environmental conditions in its natural habitat. The occurrence of M. lignano on beaches that are covered with seawater only during extreme high-tide events has several consequences. Animals are exposed to high temperatures, elevated salinity and abrupt freshwater conditions during rain phases alternating with frequent dry periods. In contrast, freshwater triclads occur on the underside of rocks and stones that are constantly submerged. This triclad environment might not have prompted evolutionary adaptations indirectly leading to increased resistance to environmental DNA damage and/or radiation. Therefore, we suggest that M. lignano has evolved cellular and molecular adaptations to manage variable environmental conditions. In particular, desiccation-related protection mechanisms might play a role in the increased radiotolerance of M. lignano.
Effect of radiation on postembryonic development and regeneration
In the present study, we have examined the radio-sensitivity of immature worms. Notably, when hatchlings are exposed to sublethal doses (60 Gy, Protocol P1c), they recover significantly more quickly than adults. As early as 1 day postirradiation, no significant difference in the S-phase cell distribution can be detected between irradiated and control hatchlings. This observation again contrasts with the situation in triclads in which Lange (1968) has observed no significant differences in the sensitivity to radiation between young, immature and adult specimens; the author assumes that the neoblast density (which decreases with age) and the absolute number of neoblasts (which increases with age) are the two main factors determining the radiation-induced mortality in planarians. We currently have no indication of whether the differential radio-tolerance between juvenile and adult M. lignano is based on the density, number, identity or plasticity of neoblasts. Senescence, for instance, might (in)directly affect the stem cell system. Adult stem cells might be affected more severely or are able to recover only more slowly following radiation. Alternatively, as we have previously found, based on the functional analysis of the stem cell marker macpiwi, stem cells during development might be differentially regulated (De Mulder et al. 2009 ). Finally, stage-1 stem cells, which are only found during development and regeneration but absent in adult animals, might be more radio-tolerant (Bode et al. 2006) .
Neoblasts are generally considered to be the source for regeneration in flatworms. This study shows that worms irradiated with a sublethal dose of 60 Gy are able to regenerate, although with a significant delay in the regeneration process. A similar effect has recently been described in the triclad Dugesia japonica in which sublethally irradiated worms experience a delay in regeneration (Salvetti et al. 2009 ). We have not tested the regeneration capacity of all sublethal doses. Exposure of M. lignano to a fractionated irradiation dose of 210 Gy, on the other hand, results in the complete failure of blastema formation. Radiated Dugesia ryukyuensis fail to regenerate but completely lyse within 16 days post-irradiation, at doses as low as 2.2-8.8 Gy . These results further confirm that stem cells are crucial for regeneration in M. lignano, since the complete elimination of the stem cell population by irradiation causes a complete loss of regeneration capacity.
Recovery of the stem cell system and tissue homeostasis seem to be restricted to distinctive compartments At 1 h after irradiation, the number of S-phase cells is drastically reduced in all irradiation protocols; our obser-vations imply that this is caused either (1) by an immediate stall in S-phase progression or (2) by rapid elimination of lethally damaged neoblasts. During sublethal dose exposure, some neoblasts evidently escape irreversible injury and are thus able to repopulate the stem cell system. Following sublethal doses, only individual BrdU-positive cells are present from 1 h to up to 1 week post-irradiation and are distributed along the lateral sides of the flatworms. However, at 2 and 3 weeks post-irradiation, significant recovery is apparent. When animals are irradiated with lower doses of up to 40 Gy, the stem cell system and gene expression are completely reconstituted. The data presented here provide the first evidence that the recovery of the stem cell system takes place in a spatially restricted manner. In addition, our experiments indicate that recovered stem cells remain restricted to their compartment; they do not seem to migrate far along the anterior-posterior axis and do not cross the midline. This hypothesis is further supported by the finding that flatworms maintain a clear midline during homeostasis. Several cues such as homologues of slit and bone morphogenetic protein might inhibit the migration of neoblasts over the midline Molina et al. 2007; Reddien et al. 2007 ). In earlier experiments, unilaterally radiated triclads have been shown to be able to form a lateral regeneration blastema (Dubois 1949) . However, whether neoblasts migrate over the midline during lateral regeneration or start to migrate before the midline has been repositioned in the non-irradiated body half remains to be elucidated. In addition, more work has to be performed to determine whether the anterior-posterior compartments have a biological effect.
Concluding remarks
Our findings thus contribute to a better understanding of the stem cell system of M. lignano. They should further help to elucidate the way in which stem cell systems are organized in flatworms and other organisms.
